Abstract
By gathering TUG data from 253 consecutive patients and comparing these to data obtained in the normal population, the concept of objective functional impairment (OFI) was introduced. 13 Briefly, a patient with lumbar DDD who scores a test time over 11.5 seconds (T-score > 123) can be considered functionally impaired. Mild, moderate, and severe OFI are defined as test times > 11.5 and < 13.4 seconds (T-score < 131.1), 13.4-18.4 seconds (T-score 131.1-152.0), and > 18.4 seconds (T-score > 152.0), respectively. Furthermore, cutoff values tailored to a patient's age and sex are available. 13 The minimum clinically important difference of the TUG test has been reported to be 3.4 seconds in patients undergoing surgical treatment for lumbar DDD, differentiating treatment responders from nonresponders. 16 The use of OFI and its baseline severity stratification (BSS), with levels of "none," "mild," "moderate," and "severe," is new and thus has not been well elaborated yet. The purpose of this work was to validate the OFI BSS and demonstrate its relationship to commonly used subjective outcome measures.
Methods
This is a prospective 2-center observational study, approved by the local institutional review boards of each center. All patients gave written informed consent.
Patient Population
Consecutive patients with lumbar DDD scheduled for spine surgery were recruited between September 2013 and December 2015. Patients with the following diagnoses were included: 1) lumbar disc herniation (LDH), 2) lumbar spinal stenosis (LSS), and 3) degenerative disc disease (DDD) with or without instability requiring lumbar fusion surgery. Patients younger than 18 years and pregnant women as well as patients with known rheumatic disease or walking impairment (e.g. paraparesis, hemiparesis, hip/ knee problems, dizziness, or vertigo) were excluded from study participation.
Data Collection
General patient data (e. ) as well as disease-specific parameters were collected. Lower back pain and irradiating leg pain were discriminated and graded on a VAS (score range 0-10). Functional impairment was measured with the validated disease-specific questionnaires RMDI (24 items, score range from 0 [no disability] to 24 [severe disability]) 27 and ODI (10 items, score range from 0 [no disability] to 100 [severe disability]). 7 HRQOL was estimated using the standardized EQ-5D questionnaire (5 items, score range from 1 [best HRQOL] to -0.074 [worst HRQOL], using the European norms), 6 as well as the SF-12 (12 items, results standardized to a mean of 50) with its 2 composite scores, the physical component summary (PCS) and mental component summary (MCS) scores.
The TUG Test
The TUG test was performed in a standardized manner as described previously.
9,10,13 On "Go,"' patients got up and walked as fast as possible (no running) to a marked line on the floor at 3 meters' distance. At the line, they would turn around (180°) and return to the chair and sit down as quickly as possible. The time between getting up and sitting down again was recorded in seconds using a stopwatch.
Statistical Considerations
Raw TUG test times were transformed into T-scores, and the presence and severity of OFI was determined using age-and sex-adjusted norms. 13 Baseline tables were built according to the presence or absence of OFI in preoperative examinations. Demographic data were described using frequencies and percentage for categorical variables (Pearson chi-square tests) or group means and standard deviations for nominal variables (ANOVA). Validity refers to the ability of the OFI BSS to indicate which individuals have functional impairment and which do not. First, relationships between the OFI BSS (independent variable) and each of the subjective grading scales of pain, functional impairment, and HRQOL (dependent variables) were graphically visualized ( Fig. 1 and Supplementary Fig. 1 ). Then a direct and an adjusted linear regression model were built to relate the independent to the dependent variables. Sensitivity analysis was performed to determine how each condition affected the overall result. The software used for the statistical analysis was Stata v14 (StataCorp LP).
Results
A total of 449 patients were screened for eligibility, of whom 378 (84.2%) were included in the study. Three patients (0.8%) were omitted from the final analysis because their data were incomplete. Patients with OFI were younger, less often retired, and had lower ASA scores than the patients without OFI (Table   1 ). Sex and BMI were balanced between patients with and without OFI while patients with OFI smoked more often.
Patients with OFI were most frequently scheduled for lumbar microdiscectomy, whereas patients without OFI predominantly underwent lumbar decompression surgery (Table 2) . Interventions affecting the lumbosacral level were more often performed in patients with OFI, and bilateral as well as multilevel procedures were more frequent in patients without OFI. Table 3 shows the TUG T-scores, as well as pain, functional impairment, and HRQOL measures for patients with and without OFI. Note that the T-scores for mild, moderate, and severe OFI were 130.8, 147.8, and 221.3, respectively, with a broad value range and therefore relatively large standard deviations in the group with severe OFI. Patients with OFI had significantly more VAS back and leg pain and more functional disability as measured by the RMDI and ODI as well as lower HRQOL as measured by the EQ-5D and SF-12 PCS and MCS (Table 3) . In fact, an almost linear increase on most subjective scales of pain, impairment, and decrease in HRQOL was noticed for the OFI BSS ( Fig. 1; Supplementary Fig. 1 ). Table 4 demonstrates the regression coefficients of the relationships between the OFI BSS and the subjective metrics. The regression coefficients are presented without and with correction for baseline group differences (as shown in Tables 1 and 2 ). For each increase in OFI BSS, disability on the disease-specific ODI increases by 5.57 points (95% CI 3.97-7.18, p < 0.001). In the adjusted model, this relationship became even stronger, with every 1-step increase of the OFI BSS corresponding to a 5.93 increase on the ODI (95% CI 4.23-7.64, p < 0.001). The relationships were highly significant for all other metrics as well (Table  4) . When stratified for the specific degree of OFI, patients with mild, moderate, and severe OFI had increased disability, as measured by the ODI scores of 7.99 (p = 0.004), 12.64, and 17.13 (p < 0.001), respectively, compared with patients without OFI. Calculations for all other metrics are depicted in Table 4 .
Sensitivity analysis revealed a stronger relationship between the OFI BSS and subjective measures in patients with LDH than in patients with LSS (Supplementary Table 1). Here, regression coefficients resembled those of the model for DDD in general (Table 4 ). In patients with LSS, the relationship with the RMDI and SF-12 PCS was even stronger than in patients with LDH (Supplementary Table  2 ). In patients scheduled for surgical fusion, the relationship between the OFI BSS and the SF-12 MCS tended to be particularly strong. Overall, the sensitivity analysis revealed that the final model of OFI BSS is valid and not affected by the inclusion of the 3 different diagnoses.
Discussion
This work analyzed data for 375 prospectively recruited patients with lumbar DDD who underwent a comprehensive multidimensional assessment including the TUG test to validate the OFI BSS. This work demonstrated that the OFI BSS is a valid measure of function. The most notable finding of this study was an arguably strong relationship between the key subjective measures of function in patients with low back pain, namely the RMDI and ODI. For every 1-step increase in OFI category, the RMDI showed an increase of 1.81 points and the ODI showed an increase 5.93 points. When stratified for OFI BSS, patients with mild, moderate, and severe OFI showed RMDI score increases of 3.30, 4.01, and 5.10 points in comparison to patients without OFI, and the corresponding increases in ODI scores were 7.99, 12.64, and 17.13 points (Table 4) . This implies that the clinician can be confident using the OFI BSS presented here to accurately measure function in patients with DDD.
Besides validating the OFI BSS, the present report also highlights 3 interesting features that we noticed while exploring the utility of the TUG test in daily clinical practice. First, patients with OFI represent a distinct group of patients who are significantly more impaired in terms of every subjective outcome measure and more often require opioids than patients without OFI ( Table 3 ). The concept of OFI has been developed by choosing the 99th percentile of the TUG test results in the normal population as the cutoff, thus implying a high threshold before a patient is considered to have OFI. 13 It should be appreciated that, even though patients with times on the TUG test that are between the upper limit of normal and the 33rd percentile are labeled to have "mild" OFI, 13 this already represents a considerable level of functional impairment. Discriminating between the presence and absence of OFI is-in factmore important than determining the exact degree of OFI. Patients with OFI experience more back and leg pain (based on VAS scores), as well as more functional disability and lower HRQOL than patients without (Table 3) . In clinical practice, patients identified to have (any degree of) OFI can be considered significantly impaired, regardless of the precise OFI BSS. With increasing OFI BSS, however, subjective scales of pain, functional impairment, and HRQOL also show a gradual increase in severity (Table  4) , and patients can be categorized more accurately. Second, the data once again confirm that OFI is a concept that measures a new dimension of disability and does not replace, but rather complements, the established patient-reported outcome measures. 2, 17, 23, 24 On the one hand, the linear regression models show a highly significant relationship with each subjective grading scale (Table 4) , indicating that OFI and subjective grading scales point toward a similar effect. On the other hand, however, the standard deviations of the dependent variables display an important spread of the data ( Fig. 1; Supplementary Fig. 1 ). It is conceivable that certain patient characteristics, such as age, sex, BMI, medications taken, comorbidities, or degree of degeneration on MRI, factor into the TUG test results, which is why the impact of any of these parameters is analyzed separately at present. 4, 11 Age and sex have both been previously identified as influencing the raw test results of the TUG, 11, 14, 15 which is why it is important to adjust for these factors by the use of OFI. OFI represents the degree of functional impairment independent from a patient's age, sex, and BMI. 32 Third, the underlying diagnoses have some influence on the presence of OFI. Supplementary Fig. 2 illustrates that patients undergoing microdiscectomy for LDH have a mean TUG T-score of 134.4 ± 33.8 (SD), whereas those undergoing decompression for LSS (117.2 ± 19.5) or undergoing surgical fusion (118.8 ± 24.3) show less deviation from the normal. Probably, this relates to higher and more acute irradiating leg pain in the group of patients with LDH that is generally perceived as severely limiting even when walking short distances as required for the TUG test. In contrast, patients with LSS usually develop neurogenic claudication after a longer walking distance that usually exceeds the 2 × 3 meters tested by the TUG. 9, 22, 33 Other objective measures, such as the 6-minute walking test, for example, 8, 31 could be of higher value in the evaluation of OFI in patients with LSS. Patients undergoing surgi- cal fusion typically present with predominant axial lower back pain, with irradiating pain being more in the background. 29, 34 Because patients with the 3 underlying diagnoses show different disability patterns, a sensitivity analysis was performed, pertaining in particular to the underlying diagnosis. It becomes evident from Supplementary Tables 1-3 that the relationship between the OFI BSS and the subjective measures is stronger in pathologies in which irradiating leg pain is the dominant part of the clinical picture. 9, 12 In patients in whom this is less evident, the TUG test still measures OFI, but the OFI BSS does not align equally well with the subjective measures. Importantly, the sensitivity analysis confirmed that the main model of OFI BSS is stable, and none of the diagnosis-specific models differed significantly. More data on OFI in patients with different types of lumbar DDD will help to fully elucidate these relationships. Analyzing the relationship of the TUG test results and specific activities recorded by the ODI and the RMDI (e.g., sitting, standing, walking, lifting items, or putting on socks) could help shed more light on those aspects of lumbar DDD with the most influence.
Limitations should be mentioned and mostly relate to the inclusion of patients undergoing surgical treatment for 3 different diagnoses and procedure types that were combined for the analysis. From the beginning, it was the intention in this project to develop the TUG test as measure of OFI for a broad spectrum of patients suffering from lumbar DDD. To account for possible inaccuracies related to this, additional subgroup analyses were presented in supplementary tables. Second, 70 patients (18.7%) were taking opioids, and the influence of this medication on TUG test results is currently unknown. Third, the quality of a test is not only dependent on the validity; reliability also needs to be given. In healthy control subjects, the TUG test showed an intrarater reliability of 97% (standard error of the mean [SEM] 0.21) and interrater reliability of 99% (SEM 0.22).
13
In elderly patients (with longer TUG test times), intrarater and interrater reliability have mostly been reported as high (with intraclass correlation coefficients of 0.99, 25 0.92-0.96, 19 and 0.98 30 ), but current research is ongoing to determine the reliability of the TUG to measure OFI in patients with lumbar DDD. Fourth, a ceiling effect of the OFI BSS could prevent discriminating between patients with high and extremely high disability. In these cases, expressing a patient's OFI as a T-score (that is, as deviation from the normal population mean) is superior to using the BSS, a 4-tier categorical variable. Both measurements are provided by the smartphone "TUG" app, which we developed and which is available free of charge in multiple languages at the Apple App Store (https://i tunes. apple. com/ de/app /tug-app/ id111 9087707? mt=8) and Google Play (https://p lay. google.com/ store/a pps/ details? id= ch. web gear ing.tug app).
Conclusions
The data demonstrate that the OFI BSS is valid for use in daily clinical practice. The presence of OFI indicates the presence of significant functional impairment on subjective outcome measures. With every increase in OFI BSS there is a gradual increase in subjective measures of pain and functional impairment and a gradual decrease in HRQOL.
